Abstract: Precise control of UAV (Unmanned Aerial Vehicle) or MAV (Micro Aerial Vehicle), requires the accurate determination of vehicle orientation. Attitude and heading reference systems (AHRS) are popularly used for vehicle orientation determination. In these systems, Euler angle estimation is more appropriate than quaternion estimation because the accelerometer measurement and magnetometer measurement are separated. Furthermore, the accelerometer and magnetometer measurements have independent effects on the tilt and heading angles. An Euler based attitude estimation system that uses two-stage extended Kalman filtering is proposed. To avoid singularity of Euler angle, a new heading estimation parameter is introduced and a filter mode switching algorithm is proposed. The experimental results indicated that the proposed system performed better than a quaternion algorithm based on magnetometer disturbance. Furthermore, the results indicated that the proposed algorithm was immune to the singularity problem.
INTRODUCTION
Precise UAV (Unmanned Aerial Vehicle) or MAV (Micro Aerial Vehicle) control requires the accurate determination of vehicle orientation. Attitude heading reference systems (AHRS) have been used to estimate the attitudes of those vehicles. General AHRS is comprised of a three-axis gyro, a three-axis accelerometer, and a three-axis magnetometer. The gyros measure the angular rate of the vehicle, the accelerometers measure the specific forces of the vehicle, and the magnetometers measure the magnetic vector.
These inertial sensors independently estimate the attitude without external signals. In conventional inertial navigation systems, the attitude is computed by integrating the angular rate obtained from the gyro outputs. However, this is not an appropriate method for calculating the attitude of the UAV because the gyro bias error causes the attitude error to diverge. Thus, the attitude is calculated by using accelerometer outputs and magnetometer outputs as well as the gyro outputs. Tilt angle can be estimated by accelerometers using the gravitational force, and magnetometers provide the heading information.
Although the outputs of accelerometers and magnetometers provide long term attitude stability, vehicle movement and magnetic disturbances can temporarily influence the attitude calculation obtained by these sensors. The attitude estimation must then rely on the gyro signal in this case. A number of attitude estimation algorithms have been developed to integrate the gyro, accelerometer and the magnetometer outputs in order to estimate the attitude.
The quaternion and DCM (direction cosine matrix) model have been widely used to calculate the attitude through angular rate integration. Alternatively, quaternion has been widely used to estimate the attitude of the AHRS using sensor data fusion of the angular rate and acceleration.
Although the direction cosine matrix is generally used in inertial navigation systems, this attitude representation method possesses too many parameters. Thus, it cannot be used for attitude estimation. On the other hand, the Euler angle uses only 3 parameters, which makes the singularity on the pitch 90 degrees. Therefore, the Euler angle cannot be applied to a system exhibiting complicated motion. However, the Euler angle provides advantageous separation between tilt angle and heading angle errors. In aircraft control, the tilt angle estimation is important for heading estimation because it relates to the survivability of the vehicle, which is significant when magnetic disturbances exist. In this situation, the heading error should not be propagated to the tilt angle when attitude estimation is based on the Euler angle.
Quaternion consists of four parameters. The quaternion method is a non-singular parametric attitude representation method, widely used in spacecraft or robotics fields. Most AHRS attitude estimation algorithms use the quaternion method. However using this method make the AHRS impossible to separate the tilt angle to heading angle. Thus, with the quaternion method, unwanted heading errors can propagate toward the tilt angle. This characteristic can make a bad effect on stability of an aircraft.
In this paper, Euler angle estimation is proposed for AHRS. Furthermore, the AHRS algorithm for tilt and heading angle estimations is also proposed. Tilt angle estimation based on the modified Euler angle was proposed in a former paper. Finally, the singular avoidance technique is also purposed to estimate the attitude in a singular case. This paper focused on a new attitude model for AHRS, thus the sensor data fusion algorithm to remove disturbance of acceleration was not considered.
MODIFIED EULER EQUATIONS
The DCM from body to reference frame is given by 
The yaw angle ψ does not affect 1 X , 2 X , and 3 X . Thus the roll and pitch angles are properly separated from heading angle.
The accelerometer measurements can be used for tilt angle estimation. The accelerometer measures the gravitational vector, and it is related to tilt parameters through following:
This measurement equation is also linear, and independent of heading angle. Thus the tilt angle states can be estimated by linear Kalman filter independently.
Heading angle equations on non-singular case
Differentiation of yaw angle is given by sin sec cos sec
and this equation can be transformed to
This parameter is dependent of the tilt angles. Thus, the tilt angles must be estimated prior to the yaw angle.
When singularity occurs, 2 X and 3 X become zero.
Consequently, the yaw angle update equation can not compute the proper heading angle. Therefore, new states and equations are needed for the singular case. These equations will be proposed in section 3.
A magnetometer measurement equation is used to estimate the yaw angle. The local magnetic vector, which consists of the dip angle and declination angle, is defined as n H . The magnetometer measurement is expressed as
where n H signifies the earth magnetic vector on the
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(17) The magnetometer measurement model is a nonlinear model. Thus, the EKF(Extended Kalman Filter) is needed for estimating the heading angle. This model is dependent on the tilt angles through nonlinear relationships.
ATTITUDE ESTIMATION ON SINGULAR CASE
For the singular case, the yaw angle cannot be used to estimate the attitude because of singularity. This singularity is explained through the gimbal lock phenomenon as shown in Fig. 1 .
Fig. 1. Euler angle singularity on gimbal lock
The roll angle rotation and yaw angle rotation exhibit identical motions when the pitch angle is 90 degree. As previously mentioned, the yaw parameter cannot be estimated.
This problem can be resolved by introducing the parameters of ψ φ − and ψ φ + .
The state 1 X will be 1 or -1 in this situation.
Case1: pitch angle near 90 degrees
For case 1, the state 1 X is expressed as -5 1
(1 10 ) X < − − . The DCM from the body to the reference frame is defined as 
Then, the state ψ φ − can be defined as 
The differential equation of this state can not be derived directly. Thus, the differential equation of the direction cosine matrix is used for time updating the state.
When the singularity does not occur, the DCM is calculated from the roll, pitch, and yaw angles using equation (1). When singularity occurs, the DCM is updated through equation (19) 
Then, the state ψ φ + can be defined as 
The differential equation of this state cannot be derived directly. Thus, a DCM update calculation is used.
EKF STRUCTURE WITH MODIFIED EULER EQUATION
Because the tilt angles and heading angle are separated, filtering is operated on two separated stage.
Fig. 2. structure of attitude estimation
Generally speaking, the tilt angles, which are roll and pitch, are more important to the stability of a vehicle than the heading angle. Because the heading angle can easily be affected by a magnetometer disturbance such as motor rotation, heading angle fluctuations can cause serious failures. But the stability of vehicle is guaranteed using the proposed algorithm.
KF1 : tilt angle filtering
The tilt side filter, which is shown as KF1, uses an accelerometer signal. KF1 consists of a linear filter model and is described by following equation:
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where,
And the error covariance matrix is 1 1
The measurement update is ( )
where, 
KF2 for a non-singular case
In order to estimate the heading angle, an extended Kalman filter is used for the heading filer given by KF2. KF2 requires a two-mode structure for a non-singular case and singular case. The magnetometer signal is used as a measurement for both cases. Although the states of KF1 are included in the KF2 models, these parameters are assumed as constants.
For a non-singular case, the yaw angle is considered a scalar state. Then, the propagation equation is equation (14), and error covariance matrix of KF2 ( ,2 k P ) is updated as ,2 ,2 ,2 1 ,2
Where, 3 2 2 2 2 2 2 3 , 3
The measurement equation contains highly non-linear terms shown as equation (16). 
cos sin cos cos sin sin sin cos cos sin sin cos cos sin cos sin sin sin cos cos sin cos sin sin
KF2 for a singular case
If the pitch angle is not a singular value, states of KF2 are initialized at every time step through by non-singular computation. When the singularity occurs, the filter structure will be changed to a singular mode. (2, 2)
Because the error of 2 X is small, the error of 2 X is assumed to the error of the roll angle. Thus ,3 k P must be initialized through equation (34) at every step during the non-singular mode.
The DCM matrix is used to update the error covariance. Equation (19) can be given in a similar manner to equation (34). 
Then, differentiation of the equation (18) is expressed as
The differentiation of the equation (21) 
Using the G matrices, the update of the error covariance matrix is given by
( 1 10 ) (1 10 )
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The measurement equation of equation (31) is expressed in the following for pitch angle near 90 deg. 
If the pitch is near -90 deg, the magnetic vector is 
EXPERIMENTAL RESULTS
Experiments were conducted using MTi, which is a commercial IMU from Xsens. The attitude output of MTi exhibited an attitude performance specification of 0.5 deg in static situations and 2 degrees in dynamic situations. MTi also provided calibrated sensor outputs that were used as the IMU. In order to test the proposed EKF attitude calculation method, the attitude result was compared to the attitude results obtained from quaternion based Kalman filter in Sabatini's paper and the attitude output of MTi as a reference.
Tests were performed using a jig.
Fig. 3. MTi and jig for attitude test
The purpose of this paper is to show that an Euler based algorithm is similar or better than quaternion based algorithm. Thus, any disturbance removal algorithm or any other signal processing method was not used. The only difference with the filter model is the point of comparison.
In this test, the rate table can not be used for a reference, because it generates a magnetic disturbance which is induced by motor and steel body. Thus, the jig which is operated manually was used for tests. In this case, an exact reference did not exist. In order to compare the results, the attitude result of MTi was used. MTi result was fairly reliable and more accurate than the simple Kalman filtering; because it compensated for several measurement disturbances using algorithms similar to those presented by Kang et al. or Sabatini or Rotenberg et al. Regardless of the algorithm MTi used, the attitude can be an appropriate reference.
The first test was an arbitrary motion. The roll was rotated twice and the yaw was rotated twice. This result indicated that the performances of the quaternion model and the Euler model were very similar because the initial filter parameter and process and measurement noise matrices were set to the same value.
Subsequently, a singularity test was conducted. First, the AHRS was rotated 90-degrees about the y-axis; consequently, the pitch angle became 90-degrees. Then, the AHRS was rotated 90-deg about the x-axis. For the singular case, the Euler result was displayed through a roll "freezing" method described in Titterton's book. In this orientation, the general Euler equation produced a singularity problem and could not calculate the attitude of motion. However, proposed algorithm exhibited a similar result to the quaternion based method. Thus, singularity was resolved through the proposed algorithm.
The third test was magnetic disturbance test. Magnetic disturbance was induced by a magnet for 10 seconds. The filter did not contain a disturbance removal algorithm; consequently, disturbance affected the attitude result. The results acquired from the Euler based model differed from that of the quaternion model. The roll and pitch angle errors were produced by magnetic disturbances, which resulted because the tilt angle of the quaternion model was dependent on the yaw angle error. However, the proposed algorithm did not produce roll and pitch angle errors because the algorithm used a magnetic vector to compensate only for the yaw angle. The tilt angle was completely separated from the yaw angle.
CONCLUSIONS AND FUTURE WORK
In this paper, the Euler angle based attitude estimation method was proposed. The existing approaches used quaternion algorithms in order to avoid the singularity problem. However, this paper resolved the problem using a two-stage Kalman filter structure and introducing new parameters, ψ φ − and ψ φ + . Based on the tests, the results verified the algorithm and proved that the performance on general motion and singular motion were also similar to the quaternion model. However, the proposed algorithm exhibited good characteristics on attitude error separation. These characteristics prevented heavy magnetic disturbance influences; thus, an aircraft could be protected from unwanted attitude control.
Future work will develop an adaptive fusion algorithm for IMU sensors to remove disturbances which are contained in the accelerometer and magnetometer outputs.
